ABSTRACT Intracellular diffusion restrictions for ADP and other molecules have been predicted earlier based on experiments on permeabilized fibers or cardiomyocytes. However, it is possible that the effective diffusion distance is larger than the cell dimensions due to clumping of cells and incomplete separation of cells in fiber preparations. The aim of this work was to check whether diffusion restrictions exist inside rat cardiomyocytes or are caused by large effective diffusion distance. For that, we determined the response of oxidative phosphorylation (OxPhos) to exogenous ADP and ATP stimulation in permeabilized rat cardiomyocytes using fluorescence microscopy. The state of OxPhos was monitored via NADH and flavoprotein autofluorescence. By varying the ADP or ATP concentration in flow chamber, we determined that OxPhos has a low affinity in cardiomyocytes. The experiments were repeated in a fluorometer on cardiomyocyte suspensions leading to similar autofluorescence changes induced by ADP as recorded under the microscope. ATP stimulated OxPhos more in a fluorometer than under the microscope, which was attributed to accumulation of ADP in fluorometer chamber. By calculating the flow profile around the cell in the microscope chamber and comparing model solutions to measured data, we demonstrate that intracellular structures impose significant diffusion obstacles in rat cardiomyocytes.
INTRODUCTION
When mitochondrial oxygen consumption is stimulated by exogenous ADP, mitochondria in situ in permeabilized fibers and cells from cardiac muscle have an affinity that is much lower than that of isolated mitochondria (1) (2) (3) . The cause of this is still uncertain. Usually, the low affinity is attributed to intracellular diffusion restrictions that limit diffusion between the solution surrounding the cell and the mitochondrial inner membrane. As possible diffusion obstacles, limitation of permeability of voltage-dependent anion channel in mitochondrial outer membrane by tubulin (4) and intracellular structures such as sarcoplasmic reticulum and proteins associated with them (3,5-7) have been proposed. From two-and three-dimensional analysis of mitochondrial arrangement, it is clear that rat cardiomyocytes have a very high degree of order (8, 9) . In such ordered environment, intracellular diffusion obstacles associated with sarcoplasmic reticulum can be responsible for anisotropy in diffusion that was shown by extended raster image correlation spectroscopy (6) .
As an alternative explanation, Kongas et al. (10) proposed that low affinity to ADP in permeabilized fibers and cells can be attributed to long diffusion pathways in the experiments: unstirred layers surrounding the cells and fibers may provide a significant restriction of ADP-diffusion relative to metabolism; fibers and cells in the oxygraph may form clumps, where outer cells restrict diffusion to the inner cells. Although analysis of the data in light of intracellular diffusion restrictions has been commonly used, the alternative explanation of the data by long diffusion distances in the experimental setup has not been tested. Our recent data from rainbow trout approached the long diffusion distance hypothesis (unstirred layers and clumping of cells). The data argued against diffusion restriction by unstirred layers (11) . However, they did suggest that trout cardiac fibers were not completely separated and/or were clumping during oxygraph experiments, because the affinity (quantified by apparent K M for exogenous ADP) of fibers was much lower (apparent K M higher) than that of isolated cardiomyocytes (11) . Note that apparent K M for ADP was still larger in trout cardiomyocytes than in isolated mitochondria, indicating the existence of intracellular diffusion restrictions in trout cells.
The difference in the affinity of permeabilized trout cells and fibers is opposite to what has been reported for rat heart preparations, where the apparent K M of permeabilized fibers is similar to that of cardiomyocytes (12) . We have never observed cell aggregation in the oxygraph during experiments on rat cardiomyocytes, or under the microscope after experiments. However, it cannot be ruled out that temporary microscopic cell aggregates are formed, so that the diffusion distance from the medium to the mitochondria inside the cells is effectively much larger than the radius of a single cardiomyocyte (10) . As a result, formation of aggregates in isolated cardiomyocyte preparation in solution cannot be ruled out based on observation of similar affinities to ADP of permeabilized rat cardiomyocytes and fibers.
This study was designed to check whether permeabilized rat cardiomyocytes exhibit low affinity to exogenous ADP at single cell level. We took advantage of the fact that changes in the autofluorescence of reduced nicotinamide adenine dinucleotide (NADH) and oxidized flavoproteins (FPs) reflect the redox state of the cell (13, 14) . NADH and FP autofluorescence has been used extensively to characterize the state of respiratory chain: for example, response of isolated mitochondria (13, 15) or permeabilized fibers (16, 17) to ADP stimulation; response of isolated cardiomyocytes to drugs (18, 19) ; or monitoring mitochondrial function in vivo (20) .
NADH autofluorescence is mainly of mitochondrial origin (21, 22) . FP autofluorescence comes from three groups of flavoproteins: a-lipoamide dehydrogenase, electron transfer flavoprotein, and a third group, which is likely to be acylCoA dehydrogenases (23) (24) (25) . a-Lipoamide dehydrogenase is the catalytic subunit of pyruvate dehydrogenase, a-ketoglutarate dehydrogenase in the citric acid cycle, and the branched chain a-keto acid dehydrogenase complex involved in amino-acid metabolism. As NADH is a cofactor for these dehydrogenases, the redox state of the flavin moiety of a-lipoamide dehydrogenase is in equilibrium with that of mitochondrial NAD þ /NADH. In this study, we recorded the autofluorescence of NADH and FP from single, permeabilized rat cardiomyocytes perfused with solution containing increasing concentrations of ADP and ATP. For comparison, the same experiment was performed on populations of permeabilized cardiomyocytes in a spectrofluorometer to mimic respiration kinetics experiments that have shown low affinity of mitochondrial respiration to exogenous ADP. From the analysis of the measured data by mathematical models, we demonstrate that the low affinity of mitochondrial respiration to exogenous ADP comes, in part, from intracellular diffusion obstacles in rat heart muscle cells.
MATERIALS AND METHODS
Adult outbred Wistar rats of both sexes weighing 300-500 g were used in the experiments. Animal procedures were approved by the Estonian National Committee for Ethics in Animal Experimentation (Estonian Ministry of Agriculture).
Before the experiments, animals were anesthetized with 0.5 mg/kg ketamine (Bioketan, Vetoquinol Biowet, Gorzów Wielkopolski, Poland) and 125 mg/kg dexmedetomidine (Dexdomitor; Orion, Espoo, Finland).
Isolation of cardiomyocytes
Calcium-tolerant cardiomyocytes were isolated as described in Sepp et al. (3) . During isolation of cardiomyocytes, we used solutions from Sepp et al. 
Fluorescence microscopy
Microscope experiments were performed on an inverted Nikon Eclipse Ti-U microscope (Nikon, Tokyo, Japan), described in the Supporting Material. Immediately before each experiment, a new batch of cells were permeabilized for 5 min with gentle mixing in an Eppendorf tube with Mitomed solution (see the Supporting Material) containing 25 mg/mL saponin and 50 mM ADP. A fraction of the permeabilized cells was put into a diamond-shaped fast-exchange chamber (15 Â 6 mm, RC-24N; Warner Instruments, Harvard Apparatus, March-Hugstetten, Germany) on the microscope. They were allowed to sediment for 5-10 min before starting the superfusion with Mitomed solution containing different concentrations of ADP. Only those cells located in the middle of the chamber were used for measurements. According to the manufacturer, the geometry of the chamber provided laminar flow of solutions during experiments at the used flow rate of~0.5 mL/min. The ADP concentration was increased stepwise from 50 to 100, 300, 500, 1000, and 2000 mM and the cells were superfused for at least 4.5 min at each step. The same experiment was done with ATP instead of ADP.
Spectrofluorometer recordings
Autofluorescence measurements on population level were performed in 4 mL plastic cuvettes (four-faced transparent cuvettes; Deltalab, Rubí, Spain) on a spectrofluorophotometer (Shimadzu RF-5301; Shimadzu Scientific Instruments, Kyoto, Japan). Autofluorescence spectra of flavoproteins and NADH were recorded using excitation and emission wavelengths similar to those used for microscope single cell studies: for NADH excitation was 340 nm, emission range 400-550 nm; for flavoproteins, excitation was 465 nm, emission range 500-600 nm. All spectra were taken three times to make sure that steady state was reached. The cell suspension was continuously stirred with magnetic stirrer bars (VWR, Wien, Austria) and before each measurement resuspended with a pipette to provide an homogeneous mixture. Autofluorescence of permeabilized cardiomyocytes was first recorded in substrate-free Mitomed solution in presence of 50 mM ADP or ATP, then substrates were added and cells were exposed to increasing concentrations of ADP or ATP, respectively. At the end of each titration, oligomycin and sodium cyanide were added to obtain the signal under fully reduced conditions. Spectra of cell suspension autofluorescence in substrate-free solution and in presence of oligomycin and cyanide were then used to normalize data of titration, as described below.
Analysis of fluorescence signal
Detailed description of analysis of fluorescence signal is given in the Supporting Material.
Statistics
The raw data were analyzed using homemade software. All results are shown as mean 5 SD.
Mathematical models
The experimental data were analyzed by several mathematical models. Description of the models is given in the Supporting Material.
RESULTS

Experimental results
The response of the permeabilized rat cardiomyocytes to changes in the surrounding solution was followed in fluorescence microscope. Two fluorescence signals were recorded from the same cell with the recorded signals corresponding to NADH and flavoproteins (FPs) fluorescence. In the Biophysical Journal 101(9) 2112-2121 beginning of the experiment, the cells were permeabilized by saponin. After that, the solution in the imaging chamber was varied and the fluorescence of cells was observed. Representative fluorescence images of the cells are shown on Fig. 1 . Note how increase of exogenous ADP leads to reduction in NADH fluorescence and increase of FP fluorescence.
To get the extremes in the levels of fluorescence, we subjected the cells to solutions that inhibit oxidative phosphorylation (solution containing oligomycin and cyanide, OLþCN) or an uncoupled mitochondrial respiratory chain by using the solution containing FCCP (Fig. 1) . As it is demonstrated in Fig. 1 , NADH fluorescence of nonrodshaped cardiomyocytes was quite small (right bottom corner of images). The same was not true for FP fluorescence, with relatively high FP fluorescence observed in nonrod-shaped cardiomyocytes. Such level of autofluorescence in nonrod-shaped cells is consistent with earlier reports (21) . For these cells, FP fluorescence either stayed relatively constant through the whole experiment or changed with the variation of ADP or ATP in solution similar to rodshaped cardiomyocytes (results not shown).
We quantified the response of the cells to different solutions by calculating the average fluorescence of a cell and using the fluorescence levels recorded in presence of OLþCN and FCCP to normalize the data (see the Supporting Material). Representative traces with average fluorescence changes in a single cell during an experiment are shown in Fig. 2 . As shown in Fig. 2 , stimulation of respiration by exogenous ADP leads to a larger range of fluorescence changes in the cell than stimulation by exogenous ATP. When adding exogenous ATP, respiration is stimulated due to the hydrolysis of ATP by endogenous ATPases. Note that there is always a significant delay between the timemoment at which the new solution started to enter the microscope imaging chamber (dashed vertical lines in Fig. 2 ) and the response of the cell. However, after a few images, the fluorescence of the cell is stable until the next change of solution.
To compare the single cell response to the response of a cell population, the experiments were repeated in a fluorometer. Rat cardiomyocyte suspension was added to the fluorometer cuvette and after permeabilization, increasing amounts of ADP or ATP was added. Fluorescence spectra were recorded to determine the level of NADH and FP fluorescence. As explained in the Supporting Material, we had to avoid use of FCCP in the experiments in the fluorometer due to significant absorbance. For normalization of the fluorescence signal, the fluorescence of permeabilized cells was recorded before addition of substrates (but in the presence of low ADP or ATP). Sample spectra are shown in Fig. S1 in the Supporting Material.
A comparison of fluorescence levels recorded in a microscope (n ¼ 8-13) and a fluorometer (n ¼ 6) are shown in Because fluorometer measurements were performed on populations of cardiomyocytes, we could relate changes in NADH and FP fluorescence to changes in respiration rate (VO 2 ). For that, VO 2 measured on populations of rat cardiomyocytes under similar conditions were used (data taken from Sepp et al. (3)). The relationship between fluorescence and VO 2 is shown in Fig. 4 . Because VO 2 was not measured at all ADP and ATP concentrations used in this study, we had to omit several fluorescence measurements in Fig. 4 . Note that the relationship between fluorescence and VO 2 is close to linear. This indicates that fluorescence changes follow similar kinetics as VO 2 . In addition, we observed that the fluorescence changes induced by exogenous ATP were larger than expected from VO 2 measurements. As a result, the relationship between NADH (or FP) fluorescence and VO 2 is not unique, but depends on the way the respiration is stimulated (Fig. 4, A and B) . We have shown that the fluorescence response to variation in exogenous ATP concentration was different in fluorometer and microscope (Fig. 3, B and D) . To understand the cause of this difference, respiration stimulation by exogenous ATP can be analyzed by mathematical model of permeabilized rat cardiomyocytes (3). Because, in our experiments, 3 mM inorganic phosphate was present in solution, effects induced by phosphate supply to the cell should be negligible. Thus, we can focus in our analysis on ATP and ADP. When respiration is stimulated by exogenous ATP, endogenous ATPases hydrolyze it to the ADP that would stimulate respiration in mitochondria. In addition, ADP produced by endogenous ATPases can also leave the cell in solution if the concentration of ADP in solution is smaller than in the cell. In the fluorometer cuvette, solution is not exchanged and reaches the steady state relatively fast, as measured by HPLC in similar configuration (3) .
In the microscope chamber, the solution is exchanged and ADP produced by upstream cells can be washed out. To track the ADP concentration in the microscope chamber, we have to distinguish between ADP present in prepared ATP solution and ADP produced by ATPases in the microscope chamber. In our conditions, ADP concentration was 1.5% of ATP concentration in prepared solution, as determined earlier by HPLC in solution without cells (3) . To estimate ADP produced by all cells in the microscope chamber, we assumed that the ATPase rate can be described Taking into account the cell counts after isolation and series of dilutions made, we had~1000 cells in a microscope chamber during experiments leading to 4 pmol/s maximal ATPase activity. When checked at all used concentrations of ATP by calculating ATPase rate using the MichaelisMenten equation, the ADP concentration would increase by 8.1% (at 50 mM ATP in solution) and 5.1% (300 mM ATP) when compared with ADP contained in solution at a flow rate of 0.5 ml/min. Because a significant fraction of the cells is washed out at the beginning of the experiment, the effect of intracellular ATPases on the ADP concentration in the chamber is even smaller. Thus, in the microscope chamber, ADP produced by cells in the chamber has a minor effect and ADP in solution is mainly determined by ADP present in solution before entering the chamber.
To test further whether such differences in the solution surrounding the cells could cause the different fluorescence responses seen in Fig. 3 B, we calculated VO 2 . For comparison, a case with zero ADP in solution surrounding the cells is shown in Fig. 5 . Note that in the case of zero ADP, there is still ATPase activity in the cell and some of the produced ADP stimulates respiration. As it is clear from the simulation results, ADP buildup during the measurements in the closed chamber configuration contributes significantly to VO 2 . From these simulation results, we conclude that the Biophysical Journal 101(9) 2112-2121 differences in NADH and FP fluorescence response to stimulation by endogenously generated ADP in fluorometer and microscope are caused by differences in the design of the corresponding measurement chambers.
Influence of unstirred water layers on the measurements
The low affinity of respiration, as evidenced by NADH and FP to changes in extracellular ADP, suggest significant intracellular diffusion restrictions. However, such low affinity can be also induced by large unstirred water layers surrounding the cells in the fluorometer or microscope chambers. Although analysis of unstirred water layers in the fluorometer chamber is not trivial due to the stirring and mixing of the cells in the experiments, the situation in the microscope chamber can be analyzed in detail. In our conditions, the flow in the chamber is laminar. By approximating the microscope chamber by simplified geometry, we calculated the flow profile of the solution in the chamber (Fig. 6 A) . The flow velocity was fastest near the inflow and outflow. In the center of the chamber, where the measurements were performed, the flow velocity reached~3100 mm/s at the surface of the solution. Near the cell, next to the cover glass, the flow is considerably slower. However, even 20 mm from the glass, the flow was >100 mm/s in the central region of the chamber. Assuming that there is no flow of solution through the cell, the corrected flow profile in the cell surroundings was calculated. In those simulations, the flow profile in the middle of microscope chamber was taken into account. The flow in the cell surroundings is shown in ADP in solution and inside the cell taking into account mitochondrial respiration, diffusion, and convection of ADP. When 1 mM ADP is used in the solution entering the chamber, the model predicts significant diffusion gradients between the solution and parts of the cell next to the cover glass with the lowest ADP concentration equal to 0.67 mM (Fig. 6 B) . In those simulations, it was assumed that apparent K m(ADP) of respiration was 0.015 mM, i.e., the same as for isolated mitochondria. To analyze how the supply of ADP influences VO 2 of the isolated cardiomyocyte, we calculated VO 2 of the cell in different conditions. Assuming that apparent K m(ADP) of mitochondria is 0.015 mM, we could see a large difference on calculated VO 2 when ADP was supplied by infinitely fast diffusion, diffusion as in water, and with the diffusion assisted by flow of solution (Fig. 6 C) .
Note that when we take into account the flow surrounding the cell, the apparent affinity of VO 2 to ADP is considerably higher than the measured one (solid line in Fig. 6 C) . Here, the VO 2 measured in an oxygraphy chamber for cell suspension (data from Sepp et al. (3)) is shown for comparison. Assuming that NADH and FP fluorescence is linearly related to VO 2 we estimated the relative VO 2 of a single cell from fluorescence measurements (Fig. 3, A and C) . For that, fluorescence at zero ADP was taken into account in estimation of VO 2 by subtracting it. The fluorescence at zero ADP was found by fitting fluorescence measurements with a Michaelis-Menten-type relationship with the shift corresponding to fluorescence level at zero ADP. As it is clear from Fig. 6 C, to reproduce the experimental data, the affinity of mitochondrial respiration to ADP has to be reduced significantly by increasing apparent K m(ADP) of respiration to 0.15-0.45 mM. This demonstrates that low affinity of respiration is induced, in part, by intracellular diffusion restrictions.
DISCUSSION
According to our results, the fluorescence response to exogenous ADP and ATP stimulation was similar on single cell and population levels if we take into account the differences in experimental setups. On both studied levels, NADH and FP fluorescence varied when ADP was changed up to the millimolar range indicating a low affinity of mitochondrial oxidative phosphorylation to exogenous ADP. From the mathematical analysis of the measurements in microscope chamber, we demonstrated that low affinity of the respiration to exogenous ADP is in part induced by intracellular diffusion restrictions. To our knowledge, this is the first time the existence of intracellular diffusion restrictions for ADP has been demonstrated from experiments on single cells.
To study the autofluorescence of cardiomyocytes, we used a wide-field fluorescence microscope equipped with a sensitive camera. By using such setup and following a single isolated cardiomyocyte, we avoided complications that can occur in tissue preparations and in confocal imaging. In the studies on tissue or organ level, one has to compensate for organ motion, inhomogeneity of the cells, and absorption and scattering of excitation light and fluorescence by tissue. FIGURE 5 Calculated respiration rate VO 2 stimulated by exogenous ATP in permeabilized cardiomyocytes in the surroundings that mimic the situation in fluorometer (solid line) or microscope imaging chamber (dashed line). In fluorometer, measurements are performed in closed chamber whereas in microscope the solution is changed as it flows through the imaging chamber. As a result, ADP in solution can either accumulate (closed chamber) or will stay relatively low (flow through chamber). In simulations, flow through chamber had ADP concentration proportional to added ATP, in agreement with small ATP contamination by ADP. For comparison, VO 2 calculated with zero ADP concentration in solution surrounding the cell is shown (dotted line).
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When confocal microscopy is used, small movement of the cell could lead to changes in focal plane that have to be taken into account. Due to the nature of the fluorescence microscope point-spread function, the signal is integrated through the whole thickness of the cell (point-spread function of our microscope has been published earlier in Laasmaa et al. (26)). As a result, small movements of the cell induced by changes in solution flow do not alter the measurements if the signal is averaged over the whole cell. In addition, use of a highly sensitive camera allowed us to reduce bleaching by attenuating the excitation light. According to our results, changes in NADH and FP autofluorescence were linearly related to respiration rate (Fig. 4) . Similar linear relationships were observed when respiration rates were varied by changes in substrates at different calcium levels (27) . In our work, calcium, substrate, and inorganic phosphate levels were kept the same. As a result, regulation of respiration was rather simple and carried out by ADP in the vicinity of mitochondria. Such simple control probably resulted in the simple relationship between respiration rate, and NADH and FP autofluorescence.
The main result of this work is the demonstration of low ADP-affinity of mitochondrial respiration in single permeabilized cardiomyocytes. From the similar response of autofluorescence to stimulation of respiration by ADP and ATP on single cell and population level, we conclude that the analysis of intracellular diffusion on population of permeabilized cardiomyocytes is adequate and does not suffer from clumping of the cells in measurement solution. The differences in response of autofluorescence to stimulation by ATP (Fig. 3, B and D) were attributed to accumulation of ADP during measurements in the fluorometer chamber. As we have demonstrated earlier in similar setup by HPLC measurements (3), the ADP concentration increases from 0.03 mM to~0.06 mM during stimulation of respiration with 2 mM ATP. When oxidative phosphorylation is active, the ADP level stabilizes at 0.06 mM level. Note that the initial ADP was present as a small fraction in the injected ATP. This buildup of ADP in the surrounding solution leads to larger respiration rate, as demonstrated in Fig. 5 and can explain the larger autofluorescence response in fluorometer to stimulation of ATP compared to the measurements in microscope (Fig. 3, B and D) .
Because single cell and cell populations results are similar, one can take advantage of both preparations in the studies. When larger population is used, it is possible to use macroscopical methods, such as following respiration rate by measuring oxygen concentration changes in solution, HPLC to determine dynamics of metabolite changes, and absorbance spectroscopy. Those methods have been applied in numerous studies (1, 11, 28) , with our recent study applying a large set of them to analyze ADP compartmentation in permeabilized cardiomyocytes (3) . Although macroscopical approaches are not possible on a single-cell level, there are clear advantages of using a single-cell preparation. The main advantage is the ability to select a particular cell. As it is shown in Fig. 1 , the response of a viable rodshaped cardiomyocyte could be different from that of a contracted nonrod-shaped cell. In the microscope, we could choose the cells on the basis of their shape and response to external stimuli. This is not possible on a population level, because in population-level studies there is always a fraction of the cells that have been damaged during isolation. In addition, the single cell preparation allows us to study intracellular heterogeneity of the metabolism, such as metabolic oscillations (29) (30) (31) . For regional analysis, confocal microscopy can be used (17) or image deconvolution algorithms to enhance fluorescence images. For deconvolution, several options exist with several open source deconvolution packages made available recently including end-user software packages or programming libraries (see Laasmaa et al. (32) and references within).
Although there are clear advantages in the use of single cell preparations, there is an important complication. Namely, to study the response of permeabilized cardiomyocytes to external stimuli, we are mainly limited to fluorescence-based methods. As we have done in this study, the response of mitochondrial oxidative phosphorylation was analyzed through autofluorescence of mitochondria. Unfortunately, we cannot yet relate that autofluorescence to respiration rate directly. In this work, we assumed that the linear relationships among VO 2 and NADH and FP fluorescence (Fig. 4) holds for the measurements in the microscope chamber as well. This is a phenomenological relationship and may not hold in all conditions. As a part of the solution to the problem of relating VO 2 to fluorescence, mathematical models of oxidative phosphorylation can be used. Several detailed models are available that, with the proper calibration, could be applied to extract rates of the processes on the basis of fluorescence measurements. For example, mitochondrial respiration models developed by several groups (33) (34) (35) (36) (37) (38) (39) (40) can be used as a starting point for development and calibration of the model that would be able to relate fluorescence measurements to respiration rate. Although all the details of regulation of oxidative phosphorylation are, to our knowledge, not yet known, and, consequently, none of the existing models is perfect, it should be possible to find a set of parameters that would reproduce the simpler experiments. For example, in our experiments, only ATP and ADP were varied and there was no variation of calcium, phosphate, and substrates leading to simple relationship between VO 2 and fluorescence (Fig. 4) .
As one of the advantages of using single cell preparation, the influence of the unstirred water layer surrounding the cell can be quantified. Here, by using several mathematical models, we found the flow profile in the chamber and in the vicinity of the cell (Fig. 6, A and B) . Knowing the flow profile, it is possible to find the influence of ADP or ATP supply from the solution in the cell and separate diffusion gradients induced by intracellular structures from overall diffusion gradients in the system (Fig. 6 , B and C). As it is clear from our simulations, intracellular diffusion restrictions are significant (compare black and colored solid lines in Fig. 6 C) . In addition to intracellular diffusion restrictions, diffusion gradients induced by ADP supply in the chamber play a significant role as well (compare dashed and solid lines in Fig. 6 C) . In our simulations, the cell was positioned along the flow.
We repeated the simulations with the cell positioned perpendicular to the flow and found that computed VO 2 -ADP relationships at different K m(ADP) were very close to the relationships found with the cell oriented along the flow (results not shown). This suggests that orientation of the cell positioned on the cover glass does not play a major role on the experimental outcome. However, on the basis of our analysis, we can recommend imaging the cell in the part of the chamber with the higher flow velocity (Fig. 6 A) . This would reduce contribution of ADP supply in the overall gradients.
The demonstration that the diffusion restrictions are not induced by clumping of the cells in an oxygraph has important physiological consequences. As we have shown in this work, single permeabilized rat cardiomyocytes have a low affinity to exogenous ADP. From this, we conclude that there are significant diffusion restrictions between the solution surrounding the cell and the mitochondrial inner membrane. As we have shown earlier, on the basis of mathematical analysis of measurements performed on permeabilized rat heart muscle fibers and isolated cardiomyocytes, the mitochondrial outer membrane should lead to a diffusion gradient that is %0.16 mM (3,7) at half-maximal respiration rate with the rest of the gradient induced by some other intracellular structures. Those structures are not distributed uniformly, but are probably localized in certain areas of the cell, as demonstrated in analysis of respiration response kinetics to stimulation by ATP (5) . When assuming that the rest of the diffusion gradient is induced by sarcoplasmic reticulum and proteins in its neighborhood, a very significant diffusion obstacle on that level was predicted by a three-dimensional reaction-diffusion model of rat heart muscle fiber (7) .
The physiological role of such diffusion restrictions is still not clear, and is a subject of further studies. At present, we have not yet identified which intracellular structures are responsible for diffusion restrictions. As a result, we cannot predict whether those diffusion restrictions would influence intracellular energy fluxes in the heart leading to modulation of energy transfer depending on the workload (41) . In addition, signaling, or response to pathological conditions can be influenced as well. However, what we have demonstrated in this work is that the diffusion restrictions that lower the affinity of mitochondrial respiration to exogenous ADP are localized within permeabilized rat cardiomyocytes.
SUPPORTING MATERIAL
Materials and Methods, Results, one figure, and references (42, 43) are available at http://www.biophysj.org/biophysj/supplemental/S0006-3495(11)01085-X.
